In this study, vascular-like tubular tissues called biotubes, consisting of autologous tissues, were prepared using in vivo tissue engineering. Their mechanical properties were evaluated for application as a smallcaliber artificial vascular prosthesis. The biotubes were prepared by embedding six kinds of polymeric rods [poly(ethylene) (PE), poly(fluoroacetate) (PFA), poly(methyl methacrylate) (PMMA), segmented poly(urethane) (PU), poly(vinyl chloride) (PVC), and silicone (Si)] as a mold in six subcutaneous pouches in the dorsal skin of New Zealand White rabbits. For rods apart from PFA, biotubes were constructed after 1 month of implantation by encapsulation around the polymeric implants. The wall thickness of the biotubes ranged from about 50 to 200 µm depending on the implant material and were in the order PFA < PVC < PMMA < PU < PE. As for PE, PMMA, and PVC, the thickness increased after 3 months of implantation and ranged from 1.5-to 2-fold. None of the biotubes were ruptured when a hydrostatic pressure was gradually applied to their lumen up to 200 mmHg. The relationship between the intraluminal pressure and the external diameter, which was highly reproducible, showed a "J"-shaped curve similar to the native artery. The tissue mostly consisted of collagen-rich extracellular matrices and fibroblasts. Generally, the tissue was relatively firm and inelastic for Si and soft for PMMA. For PMMA, PE, and PVC the stiffness parameter (β value; one of the indexes for compliance) of the biotubes obtained was similar to those of the human coronary, femoral, and carotid arteries, respectively. Biotubes, which possess the ability for wide adjustments in their matrices, mechanics, shape, and luminal surface design, can be applied for use as small-caliber blood vessels and are an ideal implant because they avoid immunological rejection.
INTRODUCTION
capsular tissues as artificial vascular vessels (19, 27) . In the latter half of the 1960s, Sparks et al. investigated the It is ideal to design transplantation tissues consisting clinical application of grafts consisting of a combination solely of the patient's own cells and matrix components, of capsular tissues and artificial Dacron blood vessels including appropriate mechanical properties and shapes. (8, 34) . In their study, a Dacron fabric graft with a sili-In this study, we have attempted to develop a novel in cone tube inside the graft was embedded into the subcuvivo tissue-engineering technique for the design and taneous tissue of a patient. When the patient's tissue preparation of vascular tissues with high patency at a gradually covered the Dacron graft, the silicone tube in chronic phase for autotransplantation using the patient's the graft was removed to give an autotissue tube around own cells and extracellular matrix components. It is the Dacron graft as a scaffold. The tube was used as an known that when artificial materials are embedded in arterial bypass by anastomosis of both ends of the tube the body, fibroblasts appear around the implanted matewith an occluded native artery. However, because the rials due to the action of the body's own biological deluminal surface of the grafts was exposed with collagefense system. This results in the formation of capsular nous fibers, which promote thrombus formation, occlutissues consisting of a collagen-rich extracellular matrix sion occurred within the early stage of implantation in produced by the fibroblasts. The principle of our study almost all of the cases. was to utilize capsular tissues.
Recently, Campbell et al. investigated utilizing cap-The encapsulation phenomenon has been well docusular tubular tissues alone for artificial blood vessels (5) . mented since the 1930s. Peirce et al. attempted to utilize After intraperitoneal indwelling of silicone rods for sev-440 NAKAYAMA, ISHIBASHI-UEDA, AND TAKAMIZAWA eral weeks in rats, mice, rabbits, and dogs, tubular tis-scissors. Six kinds of polymers in the shape of rods (length: 20 mm; diameter: 3 mm) were placed inside sues that possessed a medial wall with several layers of myofibroblasts and a collagen-rich extracellular matrix each pouch. The polymer materials used were: low-density poly(ethylene) (PE, Yamaichi Co. Ltd., Osaka, Ja-covered with a single layer of mesothelial cells were obtained. By inverting the tubular tissues, an inner lining pan; specific gravity: 0.92 g/cm 3 , tensile strength: 110 kg/cm 2 , elongation: 650%), soft poly(vinyl chloride) of the mesothelial cells was acquired as a nonthrombotic luminal surface. Autotransplantation of these tissues (PVC, Yamaichi Co. Ltd.; tensile strength: 1.6 kgf/mm 2 , elongation: 281%), poly(fluoroacetate) (PFA, Toho (3-5 mm) as grafts resulted in high patency for several months, suggesting the possible application of capsular Kasei Co. Ltd.; specific gravity: 2.12 g/cm 3 , tensile strength: 20.5 MPa, elongation: 244%), and silicone (Si, tissues alone for arterial blood vessels at an early stage of implantation.
Tigers Polymer Co. Ltd., Osaka, Japan; specific gravity: 1.16, tensile strength: 10.8 MPa, elongation: 510%). All The patency rate after implantation of small-caliber artificial grafts is much lower than medium-to large-di-rods apart from poly(methyl methacrylate) (PMMA) and PU rods were fabricated by thermally end-capping of ameter artificial grafts due to thrombosis in early stage and neointimal hyperplasia in chronic stage. Among the the tubes prepared by an extrusion molding method. PMMA rod was fabricated by Daisan Kako Co. Ltd. many factors determining the patency of small-caliber artificial grafts, the compliance mismatch between the (Osaka, Japan) by an extrusion molding method of PMMA pellet (Delpet 60N, Asahi Chemical Co. Ltd., Tokyo, Ja-native artery and the artificial grafts has been discussed as a major detrimental factor of graft failure (1,17,18, pan; specific gravity: 1.19 g/cm 3 , tensile strength: 72 MPa, elongation: 5%). All polymeric tubes and PMMA 28,36). Indeed, it has been demonstrated that compliance matching of elastomeric segmented poly(urethane) rod were obtained from Sanplatec Co. Ltd. (Osaka, Japan). Segmented PU rod was prepared by thinly dip-(PU) tubes by microporing markedly inhibited intimal hyperplasia in an animal model (6) .
coating around the PMMA rod from a tetrahydrofuran solution of PU purchased from Nihon Miractrane Co. In this study, the mechanical properties of the tissues were investigated as the first stage of utilizing tubular Ltd. (E980MNAT, Kanagawa, Japan). The coating thickness was about 50 µm. The incisions were closed tissues formed by encapsulation for small-caliber arterial blood vessels. At first, various rod-form polymeric im-with a 3.0 ethilon suture (Ethicon, Somerville, NJ). At specific time points (1, 2, and 3 months) after in-plants were embedded in subcutaneous pouches in the dorsal skin of rabbits to obtain tubular tissues, called sertion of the polymer rods, the rabbits were anesthetized with a mixture of ketamine (62.5 mg/kg) and xy-biotubes, that were formed by encapsulation. The mechanical properties, including pressure resistance, pulse lazine (8.3 mg/kg). The dorsum of the rabbits was shaved and sterile prepped with iodine. Six small inci-follow-ability, and compliance of the biotubes, were measured after histological analysis of their components.
sions (approximately 2 cm long) were made in the neighborhood of the implanted part on the dorsal skin. The designs of the matrix, including luminal surface, mechanics, and shape of the biotubes for specific trans-
The encapsulated six implants, which were weakly covered with a membrane tissue in the subcutaneous layer, plantation sites, were also discussed.
were harvested with surrounding tissues from the dor-MATERIALS AND METHODS sum of each of rabbits using a surgical blade. The sur-Preparation of Biotube rounding fragile membrane tissues covered on the obtained firm encapsular tissues were carefully removed The experimental animals were nine New Zealand White rabbits, weighing 2.0-2.5 kg. The investigations by scissors. The biotubes that formed around the polymeric rods as a capsule were removed from the rod by were performed according to the Principles of Laboratory Animal Care (formulated by the National Society trimming one end. for Medical Research) and the Guide for the Care and Histological Examination Use of Laboratory Animals (National Institutes of Health Publication, No. 56-23, revised 1985). Anesthesia was
The created biotubes were explanted and fixed by 10% buffered formalin solution and embedded in paraf-induced by intramuscular injection of a mixture of ketamine (62.5 mg/kg) and xylazine (8.3 mg/kg). The dor-fin. Tissue sections were cut into 3-5-µm-thick pieces for routine hematoxylin and eosin for histological evalu-sum of the rabbits was shaved and sterile prepped with iodine (Meiji Seika, Ltd., Tokyo, Japan). Six small inci-ation. Immunohistochemistry was also performed for identification of the muscular component of the bio-sions (approximately 1 cm long) were made laterally on the dorsal skin using a surgical blade. Subcutaneous tubes. Antibodies to α-smooth muscle actin (α-SMA, DAKO, 1:100 dilution), vimentin (DAKO, 1:100 dilu-pouches were made away from each incision using blunt tion), desmin (DAKO, 1:100 dilution), and RAM11 for plants and the tubular tissues were not adhered and the inner implants could be easily removed without injuring rabbit macrophages (DAKO, 1:50 dilution) were applied to the serial sections of the tubular tissues using a la-the tissues, thereby obtaining tubular tissues (biotubes) whose walls were thin and relatively firm. The outer beled avidin-biotin (LAB) system (DAKO, Japan). Diaminobenzidine (DAB) was used as a reacting color.
surface of the biotubes had a slightly rough appearance due to adhesion with the subcutaneous membrane tissue, The thickness of the biotube walls was measured using a microscopic monometer.
but the luminal surfaces were extremely smooth. At 3 months of embedding, all implants were still covered Mechanical Properties with capsular tissues and were impregnated in the The luminal pressure-diameter relationship was desubcutaneous membrane tissue. Generally, the biotubes termined using an apparatus designed by Takamizawa obtained after 3 months of embedding showed a firmer and Hayashi (37) . One end of the biotube was cannuwall form than those obtained after 1 month of emlated to a fixed stainless steel connector for pressure bedding. loading and the other to a sliding connector, and the Components of the Biotubes biotube was restored to in situ length in a bath filled with Krebs-Ringer solution held at 37°C. The biotube Cross sections from the obtained biotubes were histowas gradually inflated with a pressurized Krebs-Ringer logically investigated. For all biotubes the size of the solution using a pump, recording the intraluminal presinner diameter that formed around the polymeric round sure from 0 to around 200 mmHg at a rate of 5 mmHg/ rods after 1 month of embedding was similar to the outer s. The luminal pressure, P, measured with a pressure diameter of the mold, about 3 mm ( Fig. 2A ), and the transducer (N5901; Nihon Denki Sanei, Inc., Tokyo, Jawall thickness was almost uniform. The thickness of the pan), and the external diameter at the center of the tube, biotube walls was around 70 µm after 1 month of em-D, were determined using an apparatus consisting of a bedding when Si, PVC, or PFA implants were used and video camera (C2400; Hamamatsu Photonics, Inc., Shiaround 100-150 µm when PU or PMMA implants were zuoka, Japan), TV monitor, and width analyzer (C3160, used ( Figs. 3 and 4 ). The wall was thickest (around 200 Hamamatsu Photonics, Inc) and all were simultaneously µm) when the PE implant was used. For all implants the recorded.
inner diameter did not change after 3 months of embed-The compliance of the tube was determined by the ding compared with 1 month of embedding. However, stiffness parameter (β) as defined by Hayashi et al.
the wall thickness increased (1.5-to 2-fold) for PMMA, (9,10), which is described according to the equation:
PVC, and PE (Fig. 3 ). The structure of the biotube walls ln(P/P s ) = β(D/D s − 1), where P, P s , D, and D s denote formed after 3 months of embedding is shown in Figure  luminal pressure, standard pressure (100 mmHg in this 4. The biotube walls that formed around the PFA rod study), external diameter, and diameter at the pressure had sparse collagen fibers and contained relatively abun-P s , respectively. The logarithm of the normalized presdant component spindle cells consistent with fibroblasts. sure [ln(P/P s )] was plotted against the normalized exter-Regarding the Si rod, the biotube wall was thin but colnal diameter (D/D s ). The β value was determined as the lagen fibers with a close mesh structure were layered approximate slope of the plot in the physiological blood and almost no component cells were observed. Regardpressure range from 60 to 140 mmHg.
ing the PMMA, PU, and PVC rods, the walls formed a moderate thickness and relatively large collagen fibers RESULTS formed around the mesh structures. Fibroblasts as com-Preparation of Biotubes ponent cells were abundant and the biotubes that formed around the PU and PVC bases contained a number of The six types of polymeric round rods, consisting of either PMMA, Si, PU, PE, PVC, or PFA, were used as inflammatory cells. Regarding the PE rod, the wall was very thick but almost no regular mesh structure of colla-a mold. In all nine rabbits, the polymeric rods were inserted separately into each subcutaneous pouch via a gen fibers formed. From immunohistochemical studies vimentin, a mes-small incision on the rabbit's dorsal skin. After 1 month of embedding all rods were found to be encapsulated by enchymal tissue marker, was positive for all tubular tissues around the various rods after 1 and 3 months of a membrane tissue in the subcutaneous layer (Fig. 1A) .
The capsule that formed around the implants adhered embedding ( Fig. 5 ). α-SMA was intensely positive for all tubular tissues after 3 months. Desmin as a cytoskel-weakly to the subcutaneous membrane tissue, making it easy to excise the implants with the surrounding capsu-ton of matured muscle was negative in all tubular tissues after 1 and 3 months. Inflammatory cells such as lym-lated tissue from the subcutaneous tissue ( Fig. 1B) . When one end of the tissue was opened the inner im-phocytes and foreign body giant cells were observed in the tubular tissues of PE and PU as described above. diameter of the biotube that formed around the PMMA rod became dilated at low-pressure ranges and gradually RAM11, a marker of rabbit macrophages, was observed for a small number of macrophages among the tubular increased with pressure up to a high range, indicating "J"-shaped curves (Fig. 6 ). The dilatation rate of the tissues of PU, PFA, and PMMA after 3 months of implantation.
outer diameter at a water pressure of 200 mmHg was about 5% for Si and about 25% for PMMA.
Mechanical Properties of the Biotubes
Water pressure was repeatedly loaded and removed in the lumen of the biotube that formed around the Changes in the outer diameter of the biotubes were measured when both ends of the biotubes were closed PMMA rods within a range of 0 to 200 mmHg, and changes in the external diameter were investigated (Fig. and a water pressure was continuously added to the lumen. None of the biotubes ruptured even after 200 7) . The external diameter of the biotube was about 2.7 mm before loading and dilated to about 3 mm after load-mmHg inner pressure, showing pressure resistance after only 1 month of implantation (Fig. 6 ). The external di-ing at several 10-mmHg water pressure and thereafter continuously dilated slowly with an increase in inner ameter of the biotubes around the Si rod became slightly dilated when exposed to water at low pressure but did pressure load, reaching about 3.2 mm at a luminal pressure of 200 mmHg. When the water pressure was re-not change significantly with increased pressure (about 20 mmHg or higher) ( Fig. 6 ). In contrast, the external moved the outer diameter gradually decreased and other implants, repeat experiments produced almost identical changes. The relationship between logarithmic value of the relative pressure and relative outer diameter was obtained from the relationship between outer diameter and luminal pressure. Because a linear relationship was obtained within a physiological range of pressure, β values were calculated from the slope of the line at a point near the standard inner pressure (100 mmHg). After 1 month of implantation, the highest β value was obtained from the biotube formed around the Si base and the β value decreased in the order of PMMA, PE, and PVC (Fig. 8 ).
The biotube that formed around the PMMA rod exhibited a β value close to that of the human coronary artery whereas the β values of the biotubes formed around the PE and PVC bases were close to those of the human femoral and common carotid arteries, respectively. The β value of the biotube formed around the PMMA rod was about 30 after 1 month of embedding and in- ding (Fig. 9) .
DISCUSSION
Considering problems such as immunological rejec-reached about 3 mm at several 10 mmHg then rapidly decreased and returned to its original diameter before tion, it is important that tissues and organs for transplantation should consist solely of autotissues. However, it is loading water pressure began, about 2.7 mm at 0 mmHg. Changes in the outer diameter with luminal pressure sometimes difficult to obtain appropriate biocompatible tissues for transplantation, even for blood vessels. For were basically the same with repeated pressure loadings in the lumen. In the case of biotubes prepared using example, the patient's own vessels (autografts) are used for bypass operations for angina pectoris and myocardial brid-type artificial blood vessels combining artificial and biological materials is in progress. A technique to con-infarction as a graft. The patient's great saphenous vein in the lower leg and internal thoracic artery are generally struct a hierarchical layer with three cell types resembling biological vascular walls in vitro has been devel-harvested for grafts. Gastroepiploic arteries and radial arteries are also recruited when other vessels are inap-oped as a hybrid artificial blood vessel (13,20,21). The technique involves sequentially embedding component propriate. In addition, elderly patients may have second or third bypass operations. However, it is sometimes dif-cells of an excised autovascular wall into collagen gel and culturing. These layered hybrid blood vessels with ficult to obtain a sufficient amount of grafts that are of the correct size or length due to the patient's limited a diameter of 4 mm were found to retain very high patency after 1 year of autotransplantation in a canine ca-supply of vessels. Therefore, autologous grafts are not always available. rotid artery. Other hybrid artificial blood vessels have been prepared by seeding and culturing mixed suspen-In the field of large-caliber artificial blood vessels, with inner diameters more than 5 mm, grafts are used sions of vascular wall component cells of the auto-great saphenous vein in a poly-L-lactic acid (PLLA) tubular that are composed solely of artificial materials such as Dacron fabric grafts and expanded poly(tetrafluoroethy-sponge, and have successfully been used in reconstruction of the pulmonary artery in humans (11, 30, 31) . Such lene) (ePTFE). However, when these materials are experimentally used for small-caliber blood vessels, occlu-progress greatly increases the possibility of reconstruction utilizing in vitro tissue-engineering techniques. Re-sions occur within a short period after implantation due to their thrombogenicity. Thus, the development of hy-cently, it has been proposed that the preparation of vari-kocytes and macrophages accumulate around the foreign body. The foreign body is then phagocytosed and degraded by these cells. When a foreign body is less inflammatory and rather large, fibroblasts accumulate around the foreign body and produce collagen, resulting in the formation of a capsule consisting of collagen-rich extracellular matrix that wraps the foreign body. Although this capsulation phenomenon has been long known, details of the relationship of artificial materials with the amount and physical properties of capsules formed have not been investigated. Accordingly, no systemic explanation has been put forward regarding what type of capsulation occurs for different artificial materials.
Si is widely used as a biomaterial and has high biocompatibility (7, 38) . It is well known that embedding of Si bases causes capsulation, and tubular tissues form around the embedded tubular Si base. Use of this tubular tissue as a vascular substitute (artificial blood vessel) has been investigated for a long time, and clinical appli- attempted (8, 34) . The tubular tissue was found to acquire vascular function at an early stage of the transplantation (8, 34) . However, the tube was occluded within a short period in most cases because the luminal surface ous hybrid artificial blood vessels could be achieved by in vitro tissue-engineering techniques using stem cells, was exposed with collagen fibers, which promote thrombus formation. Because of this, the technique has been including progenitor vascular endothelial cells (2,15) and embryonic stem (ES) cells (25,39), as a cell source (16, 32) . dormant for nearly 30 years. However, it has recently been reported that mesothelial cells, which have an anti-When a foreign body such as an artificial material is embedded under the skin, two major reactions based on thrombotic function, were arranged on the luminal surface of tubular tissue and were obtained using Si bases (5) . the biological defense system occur in an effort to reject it. One representative reaction is biodegradation and the The patency rate was relatively high, about 70%, after 2 months of transplantation of the tubular tissues in animal other is capsulation. When a foreign body releases inflammatory substances, inflammatory cells such as leu-experiments. This result showed that the antithrombotic treatment allowed tubular tissues alone to acquire vascu-develop a clinical application. Utilizing capsulation, it may be possible to prepare biotubes that are appropri-lar function even a short time after implantation.
We have attempted to develop small-caliber artificial ately mechanically designed and shaped according to the vascular transplantation site in the patient's body. Be-blood vessels that have high patency by combining the tubular tissue (biotube) preparation technique, which uti-cause biotubes consist of the patient's own cells and extracellular matrix components, transplantation of the lizes capsulation and involves in vivo tissue engineering, with recent cytokine engineering and nanotechnology to tubular tissue is equivalent to autotransplantation. Therefore, immunorejection of the tubular tissue is avoided. Moreover, the tissue may become self and grow after transplantation in the body. In addition, grafts can be abundantly prepared, resolving the lack of donor blood vessels that is the greatest problem of current bypass procedures using auto-blood vessels. For patency of artificial blood vessels, particularly those with a small caliber (5 mm or less inner diameter), the following are required. 1) Resistance to blood pressure, 2) antithrombotic properties to avoid thrombotic occlusion in the early stage of transplantation, and 3) mechanical compatibility including compliance matching and pulse follow-ability to avoid occlusion due to intimal hyperplasia in the chronic stage. In this study various general polymeric rods as a mold were embedded in the body. Tissue formation, which was dependent on the type of polymeric rod material used, was investigated for its encapsulation ability with regard to the above requirements for small-caliber artificial blood vessels 1) and 3). The materials used for the polymeric rods were PMMA, PU, PVC, PE, and Si, all of which are hydrophilic, and PFA, which is water repellent, and all are surfaces of the biotubes did not adhere to the implants, the design of artificial blood vessels with matching of mechanical properties with biological blood vessels. but the outer surfaces were covered weakly with the subcutaneous membrane tissue. The biotubes were impreg-This matching is expected to prevent intimal hyperplasia-causing occulusion in the chronic stage. However, nated in the surface of the subcutaneous tissue, but were easily exfoliated and excised with the implants inside differences in mechanical properties among biotubes formed around various implants have not been clarified. without injury (Fig. 1) . Excluding the tube that formed around the PFA rod, none of the biotubes ruptured with
The following causes can be considered: 1) chemical composition of the implant surface, 2) physical micro-200-mmHg inner pressures. The walls of these biotubes were mainly composed of a collagen-rich extracellular structure of the implant surface, 3) mechanical strength of implant, and 4) biochemical activity of implants. We matrix containing fibroblasts (Fig. 4) . However, in the tube that formed around PFA the collagen fiber density have started to investigate the effect of surface chemistry on biotube formation. The chemical composition of was extremely low and the majority of the cells were inflammatory cells, forming almost no capsule (Fig. 4) .
the outermost surface (about a few hundred nanometers) of PMMA, which was standardized as the implant mate-It is known that protein adsorption and cell adhesion are inhibited on PFA surfaces. Therefore, capsulation may rial, was changed by surface grafting using surface nanotechnology (23). have been prevented due to an inhibition of fibroblast adhesion. The collagen mesh structure accumulated in On the other hand, embedding for at least 1 month is necessary for biotube formation. Accordingly, this an irregular manner in the biotube that formed around PE (Fig. 4) , but mesh structures that were relatively method cannot deal with urgent cases such as myocardial infarction. To promote tissue formation, bioactive rough formed around PMMA, PU, and PVC (Fig. 4) . In the tube that formed around PU, inflammatory cell implants are being prepared by immobilizing several cytokines such as bFGF and HGF (22,24,26). Furthermore, infiltration was noted ( Fig. 4) . Although PU is used as a blood-compatible material for artificial hearts (40), it is also required to provide antithrombotic properties to the luminal surface for inhibition of occlusion in the when transplanted as an artificial blood vessel granulation may often be recognized, caused by inflammation early stage of transplantation. The most effective method is early induction of vascular endothelial cells on the on its outer surface (29, 33) . PU is considered to have strong tissue reactivity. A dense collagen mesh structure luminal surface of the biotube after transplantation to obtain complete endothelization of the luminal surface. was formed around Si (Fig. 4) . The wall thickness of the biotubes after 1 month of implantation decreased in For this purpose, immobilization of VEGF on the rod surface is being investigated. It has been reported that a the order of PE > PU > PMMA > PVC > Si > PFA and increased with transplantation period apart from PFA, slow release of VEGF promotes angiogenesis (35) and is effective for neovascularization therapy for peripheral PU, and Si.
The stiffness parameter (β) is one of the indexes for and cardiac vascular ischemia (3, 14) . In our preliminary study, slow release of VEGF from the rod surface pro-compliance of blood vessels and indicates the mechanical property under physiological blood pressure (9, 10) . moted induction of much neovascularization in the biotube tissue (data not shown). When these biotubes Lower values in the β value indicate the material is soft and flexible. Within the polymers used in this study, the containing abundant neovasculars are transplanted, endothelial cells in the biotubes may migrate to the luminal β value decreased in the order of Si > PMMA > PE > PVC. Therefore, it can be said that the synergistic action surface of the biotubes and early endothelization after transplantation may occur. of the wall thickness and inner structure of the walls determines the mechanical property of the biotubes. The Another advantage of the biotube preparation method is that the shape can be freely designed. Manipulation biotube that formed around Si was relatively firm and inflexible, while the biotube that formed around PMMA of the shape of the rods that are to be embedded may induce capsulation along their particular shape and a bio-was elastic within a low-pressure range and less extensible at a high-pressure range, showing a mechanical tube with a complex shape may be obtained. In a preliminary study, when a branched rod as a mold was embed-property similar to that of biological arteries. The relationship between intraluminal pressure and external di-ded under a rabbit's skin, a biotube with a branched shape was obtained (data not shown). This method may ameter showed a "J"-shaped curve, similar to the native artery. The pulse follow-ability was good for both these allow easy preparation of arterial grafts with shapes specific to the transplantation site. biotubes. The biotube obtained after 1 month using PMMA, PE, and PVC exhibited compliance similar to Biotubes as artificial blood vessels can be prepared in the patient's body using the patient's cells and extra-that of the human coronary artery, human femoral artery, and human carotid artery, respectively. Selection cellular matrix components. Furthermore, it is possible to design specific mechanics and it is easy to match the of specific rod materials and embedding period allow
